Peat bogs located in high mountains are suitable places to study local environmental responses to climate variability. These ecosystems host a large number of eukaryotes with diverse taxonomic and functional diversity. We carried out a metabarcoding study using universal 18S and COI markers to explore the composition of past and present eukaryotic communities of a Pyrenean peat bog ecosystem. We assessed the molecular biodiversity of four different moss micro-habitats along a flood gradient in the lentic Bassa Nera system (Central Pyrenees). Five samples collected from different sediment depths at the same study site were also analysed, to test the suitability of these universal markers for studying paleoecological communities recovered from ancient DNA and to compare the detected DNA sequences to those obtained from the modern community. We also compared the information provided by the sedimentary DNA to the reconstruction from environmental proxies such as pollen and macro-remains from the Electronic supplementary material The online version of this article (https://doi.org/10.J Paleolimnol (2019) 62:425-441 https://doi.org/10.1007/s10933-019-00097-x( 0123456789().,-volV) ( 01234567 89().,-volV) same record. We successfully amplified ancient DNA with both universal markers from all sediment samples, including the deepest one (* 10,000 years old). Most of the metabarcoding reads obtained from sediment samples, however, were assigned to living edaphic organisms and only a small fraction of those reads was considered to be derived from paleoecological communities. Inferences from ancient sedimentary DNA were complementary to the reconstruction based on pollen and macro-remains, and the combined records reveal more detailed information. This molecular study yielded promising findings regarding the diversity of modern eukaryotic peat bog communities. Nevertheless, even though information about past communities could be retrieved from sediment samples, preferential amplification of DNA from living communities is a caveat for the use of universal metabarcoding markers in paleoecology.
Introduction
Depositional systems located in areas with low anthropogenic impact, such as mountain peat bogs, are invaluable paleoenvironmental archives that enable study of local environmental processes and responses to climate variability (Smol et al. 2001) . Communities living in these ecosystems can be considered sentinels of past and current climate shifts. The study of the historical changes in their biodiversity is crucial for understanding the dynamics of ongoing ecological processes driven by climate forcings (Mann 2002) . Previous paleoecological studies on peatland communities traditionally used morphological remains of living taxonomic groups and fossil material, such as vascular plants, mosses, microalgae, chironomids and pollen (Charman 2002; Godwin; 1981; Smol et al. 2001) . These studies, however, provide a limited sense of the total biodiversity, depending on the availability of taxonomic expertise (Parducci et al. 2015) .
Molecular methods that use high-throughput sequencing, such as metabarcoding (Taberlet et al. 2012) , are a comprehensive, objective and efficient approach to molecular biodiversity assessment, which can often outperform morphological surveys (Epp et al. 2012) . The results of metabarcoding analyses are critically dependent on the choice of metabarcoding marker and, specifically, on the universality or specificity of the primer set (Wangensteen and Turon 2017) . Most applications of metabarcoding in paleoecological studies have focused on past vegetation, using chloroplast genetic markers such as trnL or rbcL in lake sediments Anderson-Carpenter 2011; Jørgensen et al. 2012; Pedersen et al. 2013) . Although universal (broad taxonomic range) eukaryotic markers have been applied successfully to study the community DNA of modern environments such as soils or marine benthos (Young et al. 2014; Guardiola et al. 2016; Wangensteen et al. 2018a, b) , they have been applied only rarely to study peat bogs. Recently, Singer et al. (2016) studied the diversity of living Oomycetes in peat bogs using the nuclear 18S rRNA marker. This marker has also been used to study free-living soil Cercozoa (Harder et al. 2016 ) and microbial eukaryotic communities in lakes (Capo et al. 2015 (Capo et al. , 2016 . The present study focused on a broad spectrum of eukaryotic diversity, and we used a multi-gene approach that included the 18S marker and the mitochondrial cytochrome c oxidase subunit I (COI), which to our knowledge had never been employed in peatland systems before.
The DNA extracted from sediment samples is a combination of modern DNA from living communities and ancient DNA from the remains of long-dead organisms (Bellemain et al. 2013; Epp et al. 2012; Lejzerowicz et al. 2013b; Pawlowski and Holzmann 2014) . In general, sediment DNA studies rely on the assumption that the age of the recovered DNA is the same as the age of the sediments in which it is found, in the absence of contamination. This is generally the case when using specific primers that selectively amplify the DNA from remains of organisms such as vascular plants or photosynthetic microalgae that do not currently live in the deep strata of the sediment. Universal primers, used commonly to amplify the 18S rRNA gene and COI are able to detect a wide range of microbial taxa, many of which may belong to living communities (Guardiola et al. 2015 (Guardiola et al. , 2016 . Moreover, considering the age of the sediment and DNA degradation rates, the concentration of DNA from living organisms present in sediment samples is expected to overwhelm that of ancient DNA by several orders of magnitude and should be considered when interpreting results from universal primers (Capo et al. 2015; Torti et al. 2015) .
This study is a molecular exploration of the eukaryotic diversity present in moss communities and sediment samples from mountain peat bogs. We selected Bassa Nera, a wetland system in the Central Pyrenees (Pérez-Haase and Ninot 2006; as a case study. The locality was the subject of several previous taxonomic studies of modern and past plant communities (Pérez-Haase and Ninot 2006; Cañellas-Boltà et al. 2009; Cambra 2015; Garcés-Pastor et al. 2016 , which enabled comparisons between molecular results and those of morphological approaches.
Study site
Bassa Nera is a lentic system located in the peripheral zone of Aigüestortes i Estany de Sant Maurici National Park at an altitude of 1891 m a.s.l ( Fig. 1 ). Previous paleoenvironmental studies reconstructed the development of the modern peat bog from a previous lacustrine environment over the Holocene (Garcés-Pastor et al. 2016 . The vegetation of Bassa Nera catchment forms a complex mosaic that ranges from a moderate-depth water body (z max-= 5 m) with flat shores surrounded by Sphagnum carpets, to Cyperaceae fens and Sphagnum bogs, and subalpine forest of Pinus uncinata and Abies alba on steeper slopes (Carrillo et al. 2008 ; Pérez-Haase and Ninot 2017). The main habitats are geogenous fens (Scheuchzerio palustris-Caricetea fuscae) and ombrogenous bogs (Oxycocco palustris-Sphagnetea magellanici) (Pérez-Haase et al. 2010) . Climate is subalpine with Atlantic influence and mean annual precipitation (1152 mm) is well distributed across the seasons (Ninyerola et al. 2003) . Mean annual temperature is 4.25°C, January being the coldest month (-3°C on average) and July the warmest (14°C on average).
Materials and methods
We used an Illumina MiSeq high-throughput sequencer to analyse two metabarcoding markers, 18S and COI, on two sets of samples: (1) modern community samples from several peat bog microenvironments, used to establish occurrence and abundance baselines for a wide array of eukaryotic taxa, needed to characterize the extant diversity of high mountain peat bogs and to monitor future changes in these communities, and (2) sediment samples, used to test the suitability of 18S and COI universal markers to evaluate the past diversity of several eukaryotic groups, accomplished by comparing the results from ancient DNA to paleoenvironmental reconstructions based on morphological remains.
Field sampling and DNA extraction
Four different microhabitats were sampled along a water flooding gradient in August 2016 to characterize the modern communities ( Fig. 1 ). Three replicates of 100 mL of the dominant mosses from each microhabitat were obtained and stored in 96% ethanol. The sampled sites lie next to the mire monitoring plots used by Pérez-Haase and Ninot (2006) Sediment samples were obtained from core BSN-6 (270 cm long), recovered from a hummock of Sphagnum magellanicum and S. capillifolium in the littoral of Bassa Nera in 2011 (Pèlachs et al. 2016; Garcés-Pastor et al. 2017) . The core was processed and sampled following strict precautions to prevent contamination in the Palaeoecology Laboratory of the Universitat Autònoma de Barcelona. The external surface of the core was discarded following usual paleoecological practices. Then the core was sliced and subsampled with sterilized knives for different variables (Pèlachs et al. 2016) . The samples were stored individually in double plastic bags at -20°C to prevent external contamination until DNA extraction.
The age-depth model was constructed with seven Accelerator Mass Spectrometry radiocarbon dates, obtained from peat and macro-remains. The 270-cm core spans the last * 10,210 cal years, with an average confidence interval error of ca. 220 yr and a mean sedimentation rate of 0.07 ± 0.21 cm yr -1 , ranging from 0.016 to 0.86 cm yr -1 . The age-depth model provides a robust chronology for the interpretation of the molecular history (Garcés-Pastor et al. 2017) . Five sediment samples were studied from the following depths: 31; 109; 160; 220 and 265 cm, which correspond to 140, 3795, 6165, 8339 and 10,094 cal yr BP, respectively (Electronic Supplementary Material [ESM] Table S1 ).
DNA extraction was performed at the Department of Evolutionary Biology, Ecology and Environmental Sciences at the University of Barcelona. All extraction procedures were carried out under a laminar-flow cabinet in a dedicated pre-PCR laboratory, following strict precautions. All the equipment was cleaned with 10% sodium hypochlorite solution and rinsed in deionised Milli-Q water between samples. To avoid carryover contamination, the ancient sediment samples were processed before the modern samples. Three different extraction replicates were obtained from each sediment sample. Samples were homogenized using a 600 W hand blender. A fraction of 0.3 g of each homogenized sample was extracted using a Norgen Soil DNA Isolation Plus Kit (www. norgenbiotek.com). An extraction blank consisting of 300 lL of molecular biology-grade water was included in the batch, processed and sequenced along with the rest of the samples. DNA concentrations of the purified DNA extracts were estimated with 1 lL of the final elution, using a high-sensitivity dsDNA assay in a Qubit fluorometer (www.thermofisher.com).
PCR, sequencing and bioinformatics pipelines
Two metabarcoding markers were used to identify a wide taxonomic range of detected eukaryotic taxa. The V7 region of nuclear-encoded ribosomal 18S rRNA gene was amplified using the 18S_allshorts primers (100-110 bp, 5 0 -TTTGTCTGSTTAATT SCG-3 0 and 5 0 -TCACAGACCTGTTATTGC-3 0 ) ( Guardiola et al. 2015) , which are expected to provide information for all eukaryotic groups. The V7 fragment amplified by these primers is about 150 bp shorter than the one targeted by Capo et al. (260 bp, 2016 Capo et al. (260 bp, , 2017 and other 18S rRNA regions used in other studies: V9 (180 bp, Singer et al. 2016) and V4 (350 bp, Capo et al. 2015) . This is convenient for paleoenvironmental studies in which DNA may be fragmented. This primer set has been used successfully to assess eukaryotic diversity of marine sediments (Guardiola et al. 2015 (Guardiola et al. , 2016 and shallow marine hard-bottom communities (Wangensteen et al. 2018a,b) . The Leray-XT primer set, a novel degenerated primer set amplifying a 313 bp fragment of the mitochondrial marker COI (miCOIintF-XT 5 0 -GGWACW RGWTGRACWITITAYCCYCC-3 0 ; Wangensteen et al. 2018b; and jgHCO2198 5 0 -TAIACYTCIGGRT GICCRAARAAYCA-3 0 ; Geller et al. 2013) was also used. This marker features nearly full amplification coverage for almost all main eukaryotic lineages with the remarkable exceptions of Viridiplantae and Ciliophora (Wangensteen et al. 2018b ). The conditions for PCR amplifications, library preparation and sequencing are described in ESM File S1.
The bioinformatic analyses were based on the OBITools software suite (Boyer et al. 2016 ) and followed similar pipelines used for the same markers in previous works (Guardiola et al. 2016; Wangensteen et al. 2018a, b; Siegenthaler et al. 2019) . Results of the Leray-XT primer set applied to unfiltered environmental samples are known to include some bacterial sequences arising from unspecific amplifications. Since our study is specifically focused on eukaryotic diversity, the bioinformatics pipeline for COI included additional steps for removing these bacterial sequences. All bioinformatics steps are described in detail in ESM File S1.
Removal of edaphic organisms
Sediment DNA (i.e. DNA extracted from sediment samples) is a mixture of DNA from long-dead organisms and from living organisms that are known to dwell in soils/sediments (Fungi, Cercozoa, nonphotosynthetic Chrysophyta, Oomycetes, Ciliophora, Nematoda, Annelida, Platyhelminthes and Rotifera; Fierer et al. 2003; Andersen et al. 2013; Asemaninejad et al. 2017) . Representatives of these groups may also live in surface bog habitats. Thus, detection of these phyla in sediment samples should be interpreted with caution. High abundances of DNA sequences from these taxa, compared to non-edaphic taxa, in the sediment samples, could be interpreted as the result of amplification of DNA from living organisms in deep soil communities, rather than the prevalence of these taxa in ancient surface communities. To avoid this problem, when comparing ancient and living communities, these groups were removed from our analyses so that only those groups typical of surface peat bog environments, i.e. Bacillariophyta, Arachnida, Insecta, Crustacea, Tracheophyta, Bryophyta, etc., were kept, enabling more reliable reconstructions of past surface communities.
Statistical analyses
To compare modern and past communities, we applied the Jaccard dissimilarity index of presence/absence. Nonlinear-MDS ordinations were performed with the R package vegan (Oksanen et al. 2018 ). The significance of dissimilarities between modern and ancient communities was assessed using the function anosim in the same package. The function rarecurve in vegan was used to plot rarefaction curves for every sample to check saturation in MOTU (Molecular Operational Taxonomic Unit) richness.
Given that the decay rate of ancient DNA may differ among different taxonomic groups (Zhu et al. 2005) , the relative abundance of reads from ancient taxa shows high levels of uncertainty, so that only presence/absence data were used to compare ancient and living communities. For Viridiplantae, only results from the 18S marker were used to compare modern and ancient plant communities, whereas Arthropoda were compared using the COI marker. Given the low amount of DNA reads from ancient communities, compared to the total number of reads in sediment samples, a threshold of 1 in 10,000 total reads (after the removal of singletons) was used as evidence of presence.
Paleoenvironmental data
To compare the information provided by sedimentary DNA with the palaeoenvironmental reconstruction based on morphological methods, we used the available palynological and macroremain data from the palaeoecological study of Garcés-Pastor et al. (2017) . Pollen and macroremain analyses were performed according to standard procedures (Moore et al. 1991; Mauquoy et al. 2010) . Details on pollen and macroremain methods can be found in Garcés-Pastor et al. (2017) .
Results

DNA yield and sequencing depth
The DNA concentrations recovered from the sediment samples were in the range from 0.077 to 14.9 ng/ll (ESM Table S1 ), lower than the DNA extracted from modern samples (4.9-31.2 ng/ll). Replicates extracted from the sample at 220 cm depth (8339 cal yr BP) yielded only 0.077 ± 0.008 ng/ll (average ± SD) of DNA. They were, however, included in our analyses because PCR amplifications were successful. Results from this sample should nevertheless be interpreted with caution.
After removal of bacterial sequences and singletons, a total of 3,566,813 DNA sequences (DNA reads) composed the final dataset for the 18S marker. Of those, 2,165,734 reads (60.7%) belonged to modern communities (mean of 180,478 reads per sample) and 1,401,079 reads (39.3%) belonged to the sediment samples (mean of 93,405 reads per sample). For COI, the final dataset included 1,762,447 reads, with 1,140,928 reads from modern communities (mean of 95,077 reads per sample) and 621,519 reads from sediment samples (mean of 41,435 reads per sample). Rarefaction curves per sample (ESM File S2) showed that this sequencing depth approached saturation in the number of MOTUs detected for both markers in all samples, except for sediment samples from 220 cm depth, probably because of the low number of reads obtained from the low DNA recovered at this depth.
Modern community structure inferred from 18S and COI markers
The relative abundance of DNA reads from 18S and COI analyses showed substantial differences among habitat types and between primers (Fig. 2) . The percentage of DNA reads that could not be assigned to a Phylum or lower rank (unassigned Eukarya, Metazoa and Stramenopiles) was higher for COI (20.5%) than for 18S (0.8%). As expected, 18S yielded high abundances of reads from Bryophyta (39.0%), Tracheophyta (15.3%), and Arthropoda (23.0%). Conversely, our COI primer set, which is unable to amplify most Viridiplantae, showed a remarkable dominance of Arthropoda (57.9%). Occasionally, one replicate from a community yielded more DNA reads of a specific Phylum than the other replicates. This was the case for Platyhelminthes in Carpet-1 and Fen-2, and Tracheophyta for Floating-3. These differences were mostly a consequence of high abundance of reads from a particular MOTU in those samples, probably related to the presence of a single large individual in that replicate (see tables in Mendeley Data; https://doi.org/10.17632/j358x9sjjd for abundance of individual MOTUs).
The relative MOTU richness of the different groups is represented in Fig. 2c, d for 18S and COI markers, respectively. A higher dominance of MOTUs with small body size is shown, compared to the barplots of DNA read abundance. A relatively homogenous pattern of relative MOTU richness among the different modern communities is shown.
Modern versus ancient samples
Removal of edaphic organisms highlights the similarities between modern and sediment samples for both markers (Fig. 3) . The 18S marker returned high values for relative MOTU richness of Tracheophyta in the sediment samples. On the other hand, COI detected high numbers of MOTUs from Arthropoda, Rhodophyta and Bacillariophyta.
Non-metric multidimensional scaling ordination for the non-edaphic communities of modern and sediment samples using Jaccard dissimilarities (Fig. 4) highlighted the significant differences between ancient and modern communities for 18S (ANOSIM R = 0.98, p value \ 10 -4 , N = 27) and COI markers (ANOSIM R = 0.97, p value \ 10 -4 , N = 27).
Plant communities
The 18S relative read abundance and relative MOTU richness of plant communities (Viridiplantae) are shown in Fig. 5 . The amount of reads assigned to plants was lower in sediment samples (4.5% of total reads, including edaphic taxa) compared to modern samples (69.8%), and it decreased with depth.
Distinct patterns of community structure can be distinguished in modern communities. Hummock and Carpet are dominated by Sphagnopsida, whereas Fen and Floating have a higher proportion of Bryopsida. ESM Table S2 shows the 20 most abundant MOTUs for each modern community. Sphagnum dominated Hummock and Carpet, whereas the most abundant MOTU in Fen and Floating communities was a sequence assigned to Bryopsida (ID = 0.99). The hummock community also contained some Magnoliopsida (Sanguisorba and Parnassia) and Liliopsida (Poaceae). The carpet community has a higher proportion of Liliopsida (Cyperoideae and Poaceae), whereas Magnoliopsida are represented by Asterales and Filipendula. The fen community is mainly composed by Bryopsida, with some Magnoliopsida (Utricularia) and Liliopsida (Poaceae). Finally, the floating community has higher amounts of Bryopsida and Droseraceae, followed by Sphagnum, Cyperoideae and Utricularia.
The sediment samples showed higher abundances of Liliopsida and Magnoliopsida, with some Pinopsida and Zygnematophyceae, whereas Sphagnopsida were surprisingly almost absent (Fig. 5 ). ESM Table S3 shows the rank of the 20 most abundant MOTUs for sediment samples after removing the edaphic taxa. Viridiplantae) is also dominated by Cyperoideae, Pooideae and Mesangiospermae. Sample 160 (1.8% Viridiplantae) has high prevalence of Cyperoideae and Mesangiospermae, with some Pinidae and Cupressaceae. Sample 220 (11.9% Viridiplantae) is dominated by Pooideae and Magnoliopsida (rosids and asterids), with some Pinidae and Bryophyta. Sample 265 (0.07% Viridiplantae) is still dominated by Pooideae with some Pinidae and a remarkable abundance of Desmidiales (Zygnematophyceae). ESM Fig. S1 shows the non-metric multidimensional scaling ordination for Viridiplantae (18S marker) in modern and sediment samples using Jaccard dissimilarities. Significant differences were found among modern and sediment communities (ANOSIM R = 0.92, p value \ 10 -4, N = 27).
Arthropod communities
The Arthropoda communities in modern and sediment samples differed appreciably (Fig. 6) . The modern samples present high abundance of mites (mainly Oribatida and Trombidiformes), whereas the sediment samples display large inter-sample variability. For instance, sample 265 yielded a larger proportion of Opiliones and Copepoda, whereas sample 220 showed proportions more similar to modern samples. On the other hand, sample 160 featured high abundances of an unassigned arthropod sequence. Finally, samples 31 and 109 have outstanding proportions of aquatic crustaceans (Copepoda and Branchiopoda). Some orders, such as Ostracoda, only appeared in the modern samples. ESM Table S4 shows the rank of the 20 most abundant MOTUs for COI in modern samples. Many of the most abundant MOTUs are Arthropoda, especially mites: Oribatida, Sarcoptiformes and Trombidiformes, basal Hexapoda (Collembola), Insecta (Diptera, Coleoptera), Maxillopoda (Cyclopoida, Harpacticoida) and Ostracoda. In some cases, the taxonomy could be assigned to the species level.
ESM Table S5 shows the rank of the 20 most abundant MOTUs for COI in ancient samples, without Figure S2 shows the non-metric multidimensional scaling ordination for the Arthropoda (COI) in modern and sediment samples using Jaccard dissimilarities. Significant differences were found among modern and sediment communities for Arthropoda (ANOSIM R = 0.89, p value \ 10 -4 , N = 27).
Comparing sedimentary DNA to pollen and macroremains
The presence/absence patterns of 18S Viridiplantae sequences enabled us to make comparisons with environmental reconstructions from pollen and macroremains (Garcés-Pastor et al. 2017). Conifer and Bryophyta DNA sequences were detected from all sediment samples (Fig. 7) . Dicotyledon and monocotyledon richness was higher in sample 220. On the other hand, aquatic green algae were richer in sample 31.
Sample 31 presented high proportions of Cyperoideae and Bryopsida DNA with a MOTU assigned to Mesangiospermae (Magnoliopsida) that also appeared in samples 109 and 160 (BOG2_000000149). It also presented some Pooideae, Saxifragales, Petrosaviidae and Pinidae and traces of Vaccinium sp. (ESM Table S3 ). The macroremains presented low proportions of Sphagnum, with Ericaceae, Polytrichum and Equisetum. Pinus, Ericaceae and Poaceae pollen frequencies were well represented, while Apiaceae had its highest values.
Sample 109 also presented high proportions of Cyperoideae, Pooideae and Mesangiospermae DNA, along with Poaceae and asterids. The presence of Betulaceae, Betula and Pinidae is also remarkable, Fig. 7 Diagram with the presence/absence data of detected DNA sequences of Viridiplantae and the abundances of pollen and macroremains from the morphological study by Garcés-Pastor et al. (2017) with Equisetum, Bryophyta and Desmidiales. Table S5 ). No macroremains were reported. Pollen of Betula and Artemisia reached highest values, with some Pinus and Poaceae. Some ferns (Monoletespore) and algae (Botryococcus and Pediastrum) were also observed.
Discussion
Universal primers are suitable tools to assess modern peat bog communities Our results suggest that the 18S marker is appropriate to detect and identify a broad range of eukaryotes and assess relative abundances of Viridiplantae DNA in peat bog environments. Because of its low natural variability, however, this marker has lower taxonomic resolution than COI (Anslan and Tedersoo 2015; Wangensteen et al. 2018b ). On the other hand, the primer set used to amplify COI proved to be useless to retrieve information about vegetal communities. This primer set is most suitable to assess Metazoa, enabling characterization of many Arthropoda, Annelida, and Rotifera to the species level, despite persistent known gaps in reference databases (Múrria et al. 2019) . COI also yielded a higher proportion of unassigned DNA sequences that could very well correspond to the ones that 18S identified as Cercozoa or Ochrophyta, highlighting some important gaps at the phylum level in current COI reference databases for eukaryotic groups other than Metazoa (Wangensteen et al. 2018b) .
The obtained MOTUs from the modern vegetation communities (ESM Table S2 ) broadly correspond to the communities observed during the sampling. For the case of the Floating-3 replicate, Drosera was recorded during sample processing. Utricularia sp. was found in the floating and fen communities and was also observed in the catchment Ninot 2006, 2017) . The MOTUs classified as Petrosaviidae may include DNA sequences of Poaceae, Typhaceae and/or Cyperaceae, which are absent from the 18S reference databases. All modern samples presented Petrosaviidae or Cyperaceae reads, which is coherent with the catchment vegetation. There is a community shift from Sphagnopsida to Bryopsida as samples get closer to the pond. The presence of Tracheophyta such as Sanguisorba, Parnassia and Violaceae in the Hummock, together with Filipendula in the carpet, is typical of less humid microenvironments. On the other hand, the presence of carnivorous Utricularia and Droseraceae in the fen and floating communities indicates wetter conditions and probably nutrient deficit (Ellison 2006) . Our COI metabarcoding protocol was able to retrieve a high amount of assigned DNA sequences of Arthropoda from modern communities (ESM Table S4 ). Oribatida was the most abundant order, and different aquatic mite families, such as Nothridae, Malaconothridae, Camisiidae, and Limnozetidae, dominate each community (Thorp and Covich 2009). Hummock has Nothrus pratensis, whereas carpet presents Tyrphonothrus maior. In the case of fen and floating communities, there is no lower taxonomic identification for these mites below the order level, probably because of gaps in the reference databases. Diptera and Harpacticoida abundances increase with proximity to the floating area. The only Diptera with high abundances in the hummock is the chironomid Limnophyes. Carpet presents the tabanid Atylotus fulvus and the chironomid Paracricotopus. The fen community has the ceratopogonids Stilobezzia ochracea and Culicoides kibunensis and the chironomid Corynoneura. The Floating community has a higher abundance of Diptera, the ceratopogonids Dasyhelea modesta and Palpomyia lineata, and the chironomids Monopelopia tenuicalcar and Polypedilum tritum. The harpacticoid copepod Bryocamptus pygmaeus is found in the carpet, fen and floating communities. This species inhabits freshwater environments in mountain regions and displays wide ecological plasticity (Jersabek et al., 2001) . With the 18S marker we also obtained good taxonomic resolution for some Arthropoda (ESM Table S2 ). As occurs with COI, the order Oribatida showed the highest dominance in all communities, although with lower taxonomic resolution. There are some taxa that could be assigned to genus, such as Hydrozetes, an aquatic mite in the fen and floating communities, or the freshwater copepod Acanthocyclops in the fen.
The use of both markers enabled us to assess the extant community structure of Bassa Nera. In order to use MOTUs as ecological indicators, high taxonomic resolution, at the genus or species level, is desirable. Therefore, COI would be more suitable than 18S for obtaining detailed ecologically relevant information from arthropod taxa, whereas the better assignment rates of 18S might make this marker more suitable for detecting changes in the relative abundances of higher taxonomic assemblages.
Living edaphic taxa must be removed from metabarcoding results of sediment samples in paleoecological DNA studies One major caveat for metabarcoding analysis of sediment samples using universal primers, is to distinguish DNA reads from living soil/sediment communities (edaphic organisms) from those amplified from the remains of long-dead organisms (Bellemain et al. 2013; Coolen and Shtereva 2009; Epp et al. 2012; Lejzerowicz et al. 2013a; . Many groups of organisms are known to dwell in soils and sediments down to several meters depth, such as Fungi, Cercozoa, non-photosynthetic Chrysophytes, Oomycetes, Ciliophora, Nematoda and Annelida (Fierer et al. 2003; Andersen et al. 2013; Asemaninejad et al. 2017 ) and they were detected in high abundances in this study. After removing the possibly living edaphic taxa, the patterns of relative MOTU richness for 18S and COI markers became more similar between sediment and modern samples (Fig. 3) . ANOSIM, however, showed that modern and sediment communities are still significantly different.
Differences in the proportions of detected MOTUs between sediment and modern samples might be a result of differential preservation rates of DNA among different taxa. Our results for read abundance obtained from sediment samples suggest that the 18S rRNA gene fragment is degraded faster for plants than for animals. Moreover, the low detection rate of 18S from Sphagnopsida DNA in sediment samples cannot be a consequence of primer bias or gaps in reference databases, since this taxon was abundantly detected and identified from our modern samples. Epp et al. (2012) also found lower amounts of bryophyte DNA in sediment samples, whereas recent soil samples yielded high abundances. They suggested that bryophytes may contain secondary metabolites that enhance DNA degradation (Xie and Lou 2009) and this could potentially cause proportionally higher DNA degradation rates compared to other groups. Differential detectability can also depend on the initial DNA abundance. The mitochondrial marker COI has in general high numbers of copies per cell (Pääbo et al. 2004 ). On the other hand, the copy number of tandem rRNA sequences for 18S present in nuclear genomes may vary considerably between different eukaryotic groups (Zhu et al. 2005) . As a result, quantitative comparisons of ancient community structure based on sequence abundances, is generally impossible.
Our results suggest that even presence/absence molecular surveys of sediment communities can differ considerably from their modern counterparts. None of the reconstructed assemblages from ancient communities studied here could be considered to reproduce any modern assemblage (Fig. 4 ). This suggests that broader spatial and temporal sampling studies should be performed to create modern community-DNA analogues for all Phyla. Moreover, RNA metabarcoding (Guardiola et al. 2016; Lejzerowicz et al. 2013b) would be a suitable technique to be used for assessing only living, or recently dead organisms, whose results could then be compared to the results from total DNA metabarcoding to distinguish living edaphic taxa from ancient DNA remains in sediment samples.
DNA results from universal markers may still be useful for paleoenvironmental reconstructions
Our results show that the reconstruction obtained from the 18S marker for ancient DNA (Fig. 3) cannot attain fine taxonomic resolution. With some exceptions, most of the recovered sequences could be assigned to the level of family or above. This might constrain the interpretation and comparisons to pollen and macroremain data. We found, however, that the studied paleoenvironmental proxies offer complementary information that could be useful for paleoecological reconstructions, even if our dataset included samples from only five sediment depths.
Alhough the taxonomic resolution of the marker does not enable us to identify to the species level, correspondence between assigned MOTUs and pollen or macroremains were found for many taxa. For example, the Sphagnum macroremain proportions could be related to the Bryophyta DNA sequences, and Polytrichum macroremains might correspond to the MOTU assigned to Bryopsida. Also, the Vaccinium sequence fits within the Ericaceae pollen. The high amounts of Pinus and Abies pollen match with the DNA sequences of Pinidae, and so on.
Moreover, DNA analyses allow for the detection of many taxa, such as Desmidiales, Streptophytina, Chlorophyceae and Scenedesmaceae, which would be overlooked by pollen analysis. These taxa suggest moist environments, also corroborated by the presence of COI DNA sequences of Bacillariophyceae and Porifera (ESM Table S5 ).
Despite low DNA concentrations and the low sequencing depth recovered from samples 220 and 265, the detected MOTUs match quite well with the information recovered from pollen and macroremains for these samples. Our results highlight that the interpretation of ancient sediment DNA does not overlap perfectly with the reconstruction based on pollen and macroremains, but the combination of both reconstructions reveals more detailed information about plant paleocommunities than that achieved by either approach individually (Jørgensen et al. 2012) . Pollen analysis may provide information at a more regional level, while macroremains and sediment DNA may provide more local details (Alsos et al. 2018) . A higher taxonomic resolution for plant species could probably be obtained from using different metabarcoding markers, such as chloroplast markers (Parducci et al. 2017 ).
Pros and cons and future improvements in peat bog metabarcoding
Our results suggest that 18S and COI markers are useful to assess the biodiversity of modern peat bog communities, but there is a major caveat in the application of universal eukaryotic metabarcoding markers to sediment samples, related to the high proportion of DNA recovered from living edaphic communities. A multi-marker approach is recommended to cover total community biodiversity (Epp et al. 2012) . Although some constraints could be related to limitations of DNA extraction methods or primer specificities, we think that currently, the most significant drawback in the analysis of community and sediment DNA is the lack of complete reference databases. Such collections must contain a broad range of barcode DNA sequences derived from accurately identified species, covering all major lineages of Eukaryota. Nevertheless, DNA identifications can be more easily standardized and are more traceable and objective in comparison with morphology-based identification approaches (Jørgensen et al. 2012) .
In this study, the 18S rRNA gene provided useful information about past plant communities, whereas information from COI was mainly restricted to Metazoa. The use of COI would enable high-resolution taxonomic assignment of animal communities, if a complete reference database were available (Wangensteen and Turon 2017). With the current reference database available for Pyrenean peat bog communities, however, the taxonomic results from COI are just slightly better than those from the 18S marker. This issue will undoubtedly be solved in the future by improving barcoding efforts. To obtain a more detailed description of the vegetation paleoenvironments, it would be desirable to use chloroplast markers, which enable better taxonomic resolution than 18S for higher plants. Markers used in this work provided insights into ancient communities and results that agree broadly with those obtained from morphological analysis of pollen and macroremains. The present work was an exploratory study with 18S and COI markers on a small number of sediment samples.
More extensive studies with higher temporal resolution will enable more detailed understanding of the information provided by DNA from past communities.
Current paleoecological studies that rely on morphological remains are based mostly on the identification of vegetal material. Paleoecological studies using other organisms such as Arthropoda or other Metazoa have been limited to the scarce biological traces that remain in the sediment. With the proper analysis of metabarcoding data based on modern analogues, this DNA technique has the potential to offer a new paleoenvironmental multi-proxy approach addressing diverse taxa from the same period. Such an approach would allow for a better understanding of the relationships between animal and vegetation communities and their response to past climate shifts. The advantage of metabarcoding to study a large number of taxa simultaneously, in the absence of morphological expertise, is obvious in the case of understudied or complex groups.
Although the use of metabarcoding does not depend on taxonomic expertise, it requires bioinformatics skills. The laboratory procedures and data collecting may be considerably shorter than for morphological analyses, but the use of appropriate bioinformatics pipelines and reliable reference databases is crucial for obtaining accurate results. Further investigations are also needed to study how DNA degradation affects the results with respect to markers from different taxa. For example, in this study we found that the DNA from Sphagnum and other mosses is probably not well preserved and might be undetectable in ancient samples, with the markers used.
Another limiting factor is the scant knowledge of the autoecology of many small metazoan groups, with some notable exceptions such as chironomids (Tarrats et al. 2017) . Once the reference databases are improved and the DNA sequences are assignable to the genus or species level, the ecological interpretation of this data will need current information on species distributions and autoecological preferences. This knowledge would allow the acquisition of reliable ecological information from a number of independent taxonomic sources such as mites, collembola, and many other small arthropods and metazoans, which would provide robust inferences of paleoecological reconstructions from the detection of metazoan species (Pansu et al. 2015) .
We have shown that metabarcoding of paleoecological communities using universal markers is currently limited by the small number of DNA reads obtained from past remains, compared to those derived from living edaphic taxa. This limitation, however, can be easily circumvented by using new ultrathroughput sequencing technologies, such as NovaSeq (Singer et al. 2019) , which would increase the sequencing depth per sample by two orders of magnitude, allowing for higher number of reads from ancient remains and thus more robust paleoecological inferences.
This study was the first attempt to sequence DNA in ancient samples from Pyrenean peat bogs. We were able to amplify DNA and get useful sequencing information from samples spanning a period of 10,000 years. Although the number of sediment samples analysed in this preliminary work was small and did not enable us to obtain robust inferences, the ancient DNA interpretation was coherent with the pollen and macroremain reconstruction, and the universal markers enabled us to detect organisms that would be difficult to study using conventional paleoecological techniques. These results open the way to more detailed reconstructions of past communities using novel molecular proxies derived from DNA metabarcoding.
